Abstract-In this paper, a new approach to identify the parameters of robot manipulator dynamics is presented. The approach is based on exciting the robot manipulator with multiple identification trajectories that pass through the operating point with specific speeds and accelerations. The position, velocity and acceleration of the robot joints along with the corresponding torque at the operating point are recorded. The relative change of the joint motion and the corresponding torque compared to a reference operating point trajectory is used to identify the robot dynamics parameters. By using perturbed rather than the absolute motion values, several modeled and unmodeled effects can be eliminated from the identification equations. This is very useful when an accurate model of the robot dynamics at specific operating point(s) of the workspace is required.
INTRODUCTION
The advanced application of robotic systems such as RobotAssisted Surgery requires an accurate model of the robotic system for preoperative planning, surgical operation simulations and training. However, obtaining such models requires sufficiently accurate knowledge of the parameters of the robot dynamics. Robot technical manuals typically do not provide all of the required parameters. Alternatively, experimental identification methods are used. An extensive description of the methods used for experimental identification of the parameters of the robot manipulator dynamics are presented in [1] and [2] . In general, the presented methods can be classified as integral or differential methods. Differential methods which depend on generalized accelerations have several advantages compared to integral methods which depend on energy [1] . Differential identification methods in turn can be either direct or indirect [3] . In the indirect differential identification process, system parameters are individually identified in multiple steps. The identification trajectories usually consist of one or two joints motions at a time. Such trajectories can be generated by simple controllers, normally the manufacturer supplied controller. Examples of such identification methods can be found in [3] , [4] and [5] . In general, indirect identification methods provide, relatively, accurate torque prediction at low angular velocities and accelerations [3] . The main drawbacks of the indirect schemes are error propagation and the large number of experiments required [2] . In contrast, direct differential identification methods are based on an optimized single motion trajectory that excites all the parameters defining the manipulator dynamics. Joint positions, velocities and accelerations and the corresponding measured torques are used to estimate the inverse model using linear or nonlinear regression. The process is carried out in one step which makes it superior to the indirect method in terms of the number of experiments required for the identification process. The challenging part of this method is the design of the identification trajectory that leads to an optimum estimation of the system parameters. The trajectory optimization problem is addressed in several research works such as [6] , [7] and [8] . A an extensive presentation of a direct identification method based on a periodic band-limited excitation trajectory is presented in [9] . The presented method allows the integration of the experiment design, signal processing, and parameter estimation. This integration simplifies the identification procedure and yields accurate models. The result of the method is a global linearized model of the robot dynamics over the whole workspace of the robot manipulator. The global linearized model estimated by direct methods provides an optimum model with minimum error over the part of the workspace covered by the identification trajectory. However, the method is sensitive to measurement errors and suffers from the rank deficiency problem associated with the regression matrix. In this paper a new method to identify the parameters of the robot manipulator dynamics is presented. The aim of the method is to accurately identify those parameters at a specific operating point of the workspace. The approach in this method uses the perturbed motion around the operating point to identify the actual parameters of the robot manipulator dynamics at that point. The approach is suitable for cases where an accurate model of the robot is required at a certain area of the robot workspace. In the next section the linearization of the robot dynamics about an operating point is presented. Sections III and IV describes the identification process and the trajectory generation, respectively. Section V presents the performance of the method compared to that of the direct identification in simulation.
II.
LINEARIZATION OF THE ROBOT DYNAMICS AROUND AN OPERATING POINT
The nonlinear and coupled inverse dynamics model of a robot manipulator with N degree of freedom can be represented in the general form as [10] :
where D(ș) is the (N x N) inertia matrix (acceleration coefficients), H(ߠǡ ߠሻ ሶ is the (N x N) Coriolis, centrifugal, and frictional torque vector (velocity coefficients) , G(ș) is the (N x 1) gravity loading vector, and T is the N x 1 joint torque vector. ߠ(t), ߠ ሶ (t) and ߠ ሷ (t) are the N x 1 vectors of joint angular positions, velocities, and accelerations, respectively.
In direct identification methods the linear form of the robot dynamics is derived from [1] and is written as:
where ‫ן‬ barycentric parameter vector and, ‫‬ is the observation or identification matrix. Note that ‫‬ depends only on the motion data. Formulating the equation of motion in the linear form allows the use of linear regression techniques, such as the linear least squares method. The result of this method is a linearized global model that covers all the workspace. Alternatively, the inverse dynamics model given in (1) can also be linearized around any operating point in the workspace -ܲ ൫ߒ ǡ ߠ ǡ ߠ ሶ ǡ ߠ ሷ ൯ǡ where T n is the vector of joints torques at the operating point andሺߠ ǡ ߠ ሶ ǡ ߠ ሻ ሷ are the nominal position, velocity and acceleration, respectively.
When the robot moves with a trajectory ș(t), about the operating point, then the change in joint torques Γ with respect to the nominal torque T n can be related to the change in the robot motion or "perturbation" from the operating point. Thus, (3) can be written as:
where,
and,
Note that:
‫ݍ‬ሶ ് ‫ݐ݀‪Ȁ‬ݍ݀‬ and ‫ݍ‬ ሷ ് ݀‫ݍ‬ሶ Ȁ݀‫ݐ‬ D n , H n and G n are the coefficients of the robot dynamic estimated at operating point P n with nominal acceleration and velocity.
Writing the equation of the robot dynamics in the relative form as in (4), allows the elimination of the common mode effects, such as friction and gravity, thus improving the signal to noise ratio.
The linearized model coefficients of (4) can be estimated using the classical direct method with a single optimized trajectory as described in [9] . The accuracy of globally linearized model depends significantly on the identification trajectory and varies from one point to another in the workspace. Therefore, there is no guarantee of an accurate prediction of the actual robot torques at critical operating points. In addition, the estimated coefficients may not have any physical meaning; therefore, they cannot be used to identify the actual physical parameters of the manipulator dynamics such as joint inertia. If accurate coefficients that can provide accurate system dynamics at a specific point of the workspace are desired, then (4) must be solved at that specific point "the operating point". This will also allow the identification of the actual system parameters. In order to accurately identify the coefficients of (4) around an operating point, the identification trajectory must be designed to pass through that operating point several times and collect the data at that operating point. The collected motion data, i. e. position velocity and acceleration and the corresponding torques can be used to solve (4) and obtain the physical parameters if a parametric model is available. In order to avoid an effect from other terms, each term coefficients of (4) should be identified separately. Identifying those coefficients separately will improve the model's accuracy and provide flexible selection of the regression matrices.
III. DESCRIPTION OF THE RELATIVE IDENTIFICATION METHOD
In this method, the identification trajectories are designed so that each trajectory excites only one term of (4). That means three different trajectories are needed for identifying D, H and G in addition to the nominal torque measurement. The summary of the identification trajectory specification and corresponding regression vectors for separate identification are shown in Table 1 . Last column of Table 1 shows the robot dynamic equation under each trajectory. This method differs from the indirect identification methods.
The identification process here is carried out for all joints simultaneously, and consequently the number of experiments is less. 
The identification process is carried out in four steps:-
The nominal torque is measured at the operating point by exciting the robot joints with a motion trajectory that passes through the operating point with the nominal velocity and acceleration for each joint. The corresponding torques of the robot joints are measured at that point only.
Step 2:
The robot joints are moved to several positions in the application workspace including the operating point. While the robot is held stationary at that configuration, the joint torques are measured. Since the joints velocities and accelerations are zeros, Equation (4) in this case is simplified to:
The regression vector q is obtained from the relative displacement of the robot joints from the nominal joint positions ߠ Ǥ
Step 3: Similarly, the velocity coefficients H are obtained by moving the robot joints through the operating point several times with the same acceleration and different speeds each time.
The difference between the instantaneous torque acting on the robot joints due to such a trajectory, which is measured at the operating point ș n , can be written as:
Step 4:
The matrix D n , is obtained by moving the robot joints with a trajectory that passes the operating point several times with the same speed and different accelerations. In this case (4) is simplified to:
Among the motion trajectories that can satisfy the above condition is the quadratic trajectory;
The overall trajectory consists of several segments of the quadratic motion all designed with the following conditions as follows:
Note that the acceleration at the operating point a k is changing in each quadratic segment. The last two conditions ensure the smooth transition of the motion from the final position at time t f of the k th segment to the starting position at time t s of segment k+1 of the identification trajectory.
IV. TRAJECTORY PARAMETERIZATION AND OPTIMIZATION
The choice of the operating point and its parameters depend basically on the application at hand; there could be more than one critical operating point where an accurate model of the system is required, e.g. drilling at several locations or spot welding or assembling sophisticated parts at different places. Once the operating point along with its velocity and acceleration are set, the corresponding torque can be measured, most probably through the actuator currents. The identification trajectory parameters such as positions velocities and accelerations are chosen to cover the application space and provide full rank regression matrices. Arbitrary selection of those parameters may lead to a rank deficient regression matrix. Appropriate values for the trajectory parameters that can ensure full rank regression matrices can be selected either by trial and error or by solving a nonlinear optimization problem. In both cases, finding the appropriate regression metrics with a low condition number for the proposed method is much easier compared to the absolute identification method based on periodical trajectory. This is because the regression matrices in the relative identification method are totally independent.
V. SIMULATION RESULTS
The performance of the proposed method compared to that of the direct identification method presented in [9] is studied in simulation. The study is carried out using an approximate model of the CRS A465 arm. The robot arm parameters are obtained from [11] , [12] and [13] . The dynamic equations for the arm are developed using L-E formulation. The operating point specifications are set to suit the application at hand, i.e. Robot Assisted Orthopedic Surgery. In this application the CRS A465 is used to carry on the drilling part of the bone fixation procedure. The simulation tests are carried out assuming accurate compensation of friction and gravity and a noise free system. This is to ensure that the tests and the comparison of the methods are carried out under ideal conditions. The operating point specifications for the proposed identification method are shown in Table 2 . The perturbed identification vectors ‫ݍ‬ǡ ‫ݍ‬ǡ ‫ݍ‬ሷ ሶ are generated separately as described above from the random chosen positions, velocities and accelerations close to the nominal values. A sample of the selected values is shown in Fig. 1 a, b and c. The direct identification process is carried out as described in [9] using the band-limited periodic trajectory as follows:
where ߱ , is the excitation base frequency. The Fourier series coefficients a and b are obtained by solving a non-linear optimization problem with constraints imposed on the robot motion such as maximum acceleration, maximum speed and workspace limits. Optimization of the input trajectory is required to reduce the estimation error. The identification trajectories for the CRS465 arm are presented in [13] and shown in Fig. 2 . respectively. It can be seen that both models produced a high accuracy estimate of the joint torques. However, as expected, the torque estimated with the direct method has a minimum error over the whole trajectory. In contrast, the torque estimated with the proposed perturbation motion identification method is closer to the actual torque near the operating point. At the boundaries, the estimation error is high for both methods. This is can be explained by the nature of the robot dynamics at high speed where nonlinear effects such as Coriolis and centrifugal torques are significant. The parameters estimated by the direct identification method are based on error minimization and cannot be related to the actual robot parameters. Therefore, physical robot parameters such as the joint inertia cannot be derived from the estimated parameters. In contrast, the D matrix of (4) estimated by the perturbed motion identification method provides, theoretically, the actual instantaneous acceleration coefficients at the operating point. With the knowledge of the robot parametric model, the actual joints inertial parameters can easily be calculated. In order to prove that the coefficients of the D(ș) matrix of (1) were recorded during the simulation, the study of the coefficients of the D(ș) matrix, which holds the robot joints inertia, shows that the perturbation method provides accurate estimation of the inertial coefficients compared to the direct identification method. Table 3 shows the actual and estimated acceleration coefficients for joint 1 (first column of D matrix). The accurate estimation of this matrix allows accurate identification of the actual joints inertias using the parametric model of the robot dynamics. The simulation results presented earlier are obtained under ideal test conditions assuming accurate compensation for friction and gravity. Therefore, the actual performance of the proposed method depends significantly on the precision of the robot manipulator and the efficiency of the measurement system.
VI. CONCLUSION
In this paper, an operating point based identification method for robot manipulator dynamics is presented. The simulation results of this method prove that this method is efficient when an accurate dynamic model of the robotic system at specific locations of the workspace is desired. The method uses the perturbed dynamics to identify the system parameters in multiple steps. Although the number of experiments required in this method is quite large compared to the classical direct identification method, the accuracy of the model around the operating point is higher. In addition, adopting perturbed dynamics instead of absolute dynamics improves the signal to noise ratio and consequently the model accuracy. The method can be extended to obtain several sets of robot dynamics parameters at different operating points.
